The effect of undesirable high-frequency free-layer switching in magnetic multilayer systems, referred to as back hopping, is investigated by means of the spin-diffusion model. A possible origin of the back-hopping effect is found to be the destabilization of the pinned layer which leads to perpetual switching of both layers. The influence of different material parameters on the critical switching currents for the free and pinned layer is obtained by micromagnetic simulations. It is found that the choice of a free-layer material with low polarization β and saturation magnetization M s , and a pinned-layer material with high β and M s leads to a low free-layer critical current and a high pinned-layer critical current and hence reduces the likelihood of back hopping. While back hopping was observed in various types of devices, there are only few experiments that exhibit this effect in perpendicularly magnetized systems. However, our simulations suggest, that this is likely to change due to loss of pinned-layer anisotropy when decreasing device sizes.
I. INTRODUCTION
Spin-transfer torque (STT) in magnetic multilayers has gained a lot of interest in recent years due to possible applications in novel storage devices. A prominent candidate for such an STT magnetic random access memory (MRAM) is a trilayer system consisting of two magnetic layers separated by a nonmagnetic layer [1] [2] [3] . If an electric current passes this system, one of the magnetic layers acts as a spin polarizer. The other layer is subject to the spin torque exerted by the spin polarized electrons. Depending on the sign of the electric current, the magnetization of this free layer can be switched in either direction. Since the spin-torque coupling is bidirectional, the spin polarizing layer, also referred to as pinned layer, is usually constructed to be very stiff to prevent switching.
The spacer layer between the magnetic layers can either be a conductor or insulator. In case of an insulator, the spin polarized electrons must tunnel through the spacer in order to exert a torque on the free-layer magnetization. The magnetization in the magnetic layers can be either in-plane or out-of-plane. In the case of in-plane magnetization, the pinned layer is mainly stabilized by its thickness which leads to a high shape anisotropy. In the case of out-of-plane magnetization, the pinned layer is a magnetic multilayer system with high uniaxial anistropy.
It was observed in different in-plane devices that the free-layer magnetization might be unstable after switching. This back-hopping effect happens after overcoming the critical switching current and results in fast switching of the free layer [4] [5] [6] [7] . Different explanations for this effect were proposed [8] . One possible explanation is the destabilization of the pinned layer that causes the perpetual switching of both the free layer and the pinned layer [9] . In this work we investigate this behaviour by means of micromagnetic simulations.
II. MODEL
According to the micromagnetic model, the magnetization dynamics are governed by the Landau-Lifshitz-Gilbert equation (LLG)
where m is the normalized magnetization, γ is the gyromagnetic ratio, α is the Gilbert damping, and h heff is the effective field that usually contains the demagnetization field, the exchange field, as well as other contributions depending on the problem setting. The effective field is complemented by a contribution from the spin accumulation s with M s being the saturation magnetization and J being the exchange integral of the itinerant electrons and the magnetization. The spin accumulation s describes the deviation of the magnetic moment carried by the conducting electrons with applied current from the equilibrium situation without current. According to the spin-diffusion model [10] s is defined by the equation of
where τ sf is the spin-flip relaxation time and j s is the matrix-valued spin current defined by
where D 0 is the diffusion constant and β and β are dimensionless polarization parameters.
While β is a measure of the capability of a material to polarize itinerant electrons, β is measure for the sensitivity of the electric resistivity to the angle between magnetization and polarization of itinerant electrons.
Instead of performing a time integration of the spin accumulation s along with the magnetization m, we assume s to be in equilibrium at all times, i.e. we compute s(m) by ∂s(m)/∂t = 0. Since the spin accumulation relaxes orders of magnitude faster than the magnetization [11] , this assumption does not have a considerable effect on the magnetization dynamics. The LLG coupled to the spin diffusion model is solved numerically with the finite-element method. The numerical solution of this system is described in detail elsewhere [12] .
For the investigation of the back-hopping effect we consider a system with a pinned-layer thickness of 10 nm, a spacer-layer thickness of 1.5 nm and a free-layer thickness of 3 nm.
Additionally, the trilayer is sandwiched between two nonmagnetic leads. These leads are simulated as layers with a thickness of 4 nm. However, due to the use of effective material parameters, the simulation results are similar to those of inifinite leads [13] . The model is quasi one-dimensional, i.e. the cross section of the simulated device is chosen to be a square with dimensions 1 nm × 1 nm, see Fig. 1 . Since the size of a typical STT MRAM device is considered to be below the single-domain limit, the choice of lateral dimension is considered to be a valid assumption. We consider out-of-plane magnetized systems in this work. In these systems the pinned current means that electrons are flowing from the free layer to the pinned layer. In this situation, the spin torque in the free layer is generated indirectly by electrons scattered from the pinned-layer-spacer-layer interface. After the free layer switches at a current density of j e = 7 × 10 11 A/m 2 , the back hopping can be observed at a current density of j e = 1.7 × 10 12 A/m 2 and higher. It is clear from Fig. 2 that the back hopping of the free layer is initiated by switching of the pinned layer.
In order to understand the perpetual switching of both layers, the spin torque acting on both layers has to be investigated in detail. The overall spin torque is usually split up into a field-like and a damping-like torque on the basis of the spin polarization M of the electric current. The damping-like torque, that is held mainly responsible for the switching, is given by
Since the spin accumulation enters the LLG via a torque term of the form m×s, the strength of the damping-like torque with respect to a given reference polarization M can be computed from the spin accumulation s by projection on m × M . In contrast to the field-like torque that induces precessional motion of the free-layer magnetization, the damping-like torque leads to a direct relaxation of the free-layer magnetization either parallel or antiparallel to the pinned layer, see Fig. 3 .
We consider a system with perpendicular uniaxial anisotropy in both the free layer and the pinned layer. While the anisotropy axis in the free layer is perfectly aligned with the z-axis, the anisotropy axis of the pinned layer is slightly tilted in y-direction in order to break symmetry and avoid metastable states. This leads to an equilibrium magnetization of respectively and hence leads to switching of the free layer. For the resulting antiparallel configuration s x is negative in both the free layer and the pinned layer. Hence, the free layer is subject to negative damping-like torque while the pinned layer is subject to positive damping-like torque. As a result, the pinned layer switches. This behavior leads to a cyclic process depicted in Fig. 4(b) , which explains the perpetual switching of both layers.
Note, that in every step of this cycle the spin torque stabilizes one of the two layers while it destabilizes the other one.
The above explanation of the back-hopping effect assumes that the distinctive steps of the cycle happen one after another. However, dynamical simulations suggest that the switching of the two layers happens in a more dynamic fashion, see Fig. 5 . Especially it should be noted that the pinned layer never reaches saturation during the oscillation process.
While the model system is perpendicularly magnetized, the same cyclic process can also be reproduced in in-plane magnetized multilayer structures. In fact, in-plane systems are expected to be more prone to back hopping, since the pinned layer in such systems is only stabilized by shape anisotropy. Perpendicular systems, on the other hand, exploit anisotropies of magnetic multilayers to stabilize the pinned layer, which enables a better control of the anisotropy strength of the pinned layer. This consideration is supported by experimental data. While different experimental studies demonstrate back hopping for in-plane systems [5, 6] as well as perpendicular systems [7, 14] , the effect has been considered to be a minor problem for perpendicular systems [15] . However, with devices shrinking in size [16] , it becomes more challenging to stabilize the pinned layer [17] . Hence, back hopping is expected to become a serious issue for perpendicular systems, too. Note, that the diffusion model, which is used thoughout this work, applies to metallic junctions, while modern perpendicular MRAM devices are usually magnetic tunnel junction (MTJ). However, the back-hopping effect was also observed in MTJs [18] and the general mechanism of the hopping process is expected to be the same for ballistic transport as for diffusive transport.
IV. COUNTER MEASURES
In order to design a reliable STT MRAM device, it is important to prevent back hopping since it puts the device in a nonpredictable state. Hence, the material parameters of the different layers should be chosen such that the critical current for free-layer switching is well below the critical current for pinned-layer switching. In the following we present the critical currents for both free layer and pinned layer for a perpendicular system with a parallel initial magnetization configuration. This means, that the critical current for the free layer indicates the switch from parallel to antiparallel configuration and the critical current for the pinned layer indicates the switch back to the parallel configuration. If not stated differently, the geometry and material parameters of the system are the same as introduced previously.
The critical currents are obtained by linearly increasing the current density with a rate of 0.2 × 10 21 A/m 2 s and determining the current at switching. Figure 6 (a) shows the critical currents for different pinned-layer anisotropies. It doesn't come as a surprise that the free-layer critical current is almost independent from K pinned while the fixed-layer critical current increases with increasing K pinned . However, it should be noted that the free-layer critical current shows a slight decrease of approximately 3% for very small values of K pinned . This can be explained with the excitation of the pinned layer which assists the switching of the free layer, see Fig. 6 (b).
Another promising material parameter for critical-current manipulation is the polarization β both in the free and the pinned layer. Figure 7 shows the critical currents for different values of β pinned and β free . Since β is a measure for the ability of a material to polarize itinerant electrons, it is expected that a large β pinned will decrease the critical current for free-layer switching and a small β free will increase the critical current for pinned-layer switching as desired. This behaviour is well reflected by the numerical experiments. Moreover, the data clearly shows that a small β free decreases the critical current for free-layer switching as well as a large β pinned increases the critical current for pinned-layer switching. This effect is not obvious when considering the switching of one layer to be initiated mainly by polarized electrons coming from the other layer. However, a highly polarizing material does not only emit highly polarized electrons, but also strongly depolarizes incoming electrons with a different polarization which well explains this effect. In conclusion, materials should be chosen to have a large β pinned and a small β free in order to avoid back hopping.
Another material parameter that is expected to influence the critical currents is the saturation magnetization M s of the individual layers. (2) does not depend on the saturation magnetization. However, both the spin torque (1) and the anistropy field H aniso = 2Km z /µ 0 M s scale with 1/M s . Since the critical current is a result from the competition of these two contributions, it is quite surprising that the simulated critical currents show a clear dependence on the free-layer saturation magnetization M free s . The origin of this effect, which is also found in experiments [19] , is the dependence of the characteristic switching time on the saturation magnetization M free s . While, strictly speaking, the critical current remains unchanged for different M free s , a lower M free s leads to faster switching. Since the critical current, as presented in Fig. 8 , is determined by linearly increasing the current in time, low switching times directly lead to low critical currents. The details of this effect will be discussed elsewhere.
Note, that a similar dependence should be found for the pinned-layer critical current.
However, while Fig. 8(b) shows the same trend of a larger critical current for larger M pinned s , the simulation results are very noisy compared to Fig. 8(a) . This noise can also be observed in Fig. 7(b) . The reason for the noise lies in the stiffness of the pinned layer. After the free layer has switched, the spin accumulation leads to a stabilization of the free layer and a destabilization of the pinned layer. Since the pinned layer is much stiffer than the free layer, large currents are required to push the pinned layer out of its equilibrium. Also the pinned layer is not instantaneously switched, but slightly tilts and moves with a high frequency, see Fig. 2 . In this intermediate state, the dynamics of the pinned layer generates a dynamic spin accumulation that ultimately also excites the free layer. Due to the complexity of this coupling, the critical switching current for the pinned layer is very sensitive to perturbations of the system, which leads to the observed noise in the simulation results. This noise is also expected to occur in experiments where it might even be more significant due to thermal effects.
V. CONCLUSION
We have investigated the back-hopping effect in perpendicularly magnetized STT MRAM devices by means of the spin-diffusion model. Undesired switching of the pinned layer has been found to be a possible origin for the back-hopping effect that leads to fast oscillations of the free-layer magnetization. A possible solution to avoid the switching of the pinned layer is the increase of the pinned-layer anisotropy. However, decreasing the size of MRAM devices, in order to increase the storage density, will lead to lower anisotropies and thus increase the chances for back hopping.
Our numerical studies suggest that a high polarization β pinned of the pinned layer and a low saturation magnetization M free s in the free layer result in a low critical current for free-layer switching. Similarly, a low β free and a high M pinned s result in a high critical current for pinned layer switching, and thus back hopping.
